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ligands that is suitable for use as a 3D stem-cell niche. A sliding hydrogel has a supramolecular architecture with topological characteristics that makes it highly mobile but stable (Figure 1a) . [9] However, since the synthesis and crosslinking procedures of previously reported sliding hydrogels are usually not cell-friendly, [9, 10] sliding hydrogels have only been used as strengthening materials. [11] The goal of this study is to apply the concept of sliding hydrogels for constructing synthetic stem cell niche. Our sliding hydrogel is chemically crosslinked, exhibiting stability comparable to that of chemical hydrogels, but it displays molecular mobility due to its sliding/mobile crosslinks and biochemical ligands. The hydrogel is crosslinked under cell-friendly, physiological conditions, rendering it appropriate for cell encapsulation and culture. The molecular mobility of this sliding hydrogel allows stem cells to reorganize the surrounding ligands and change their morphology in 3D, supporting more efficient stem-cell differentiation toward multiple lineages. This sliding hydrogel thus constitutes a novel material platform as a stem-cell niche, and is a useful tool for elucidating the molecular mobility of niche cues for the regulation of stemcell fate in 3D.
To harness the mobility and stability of sliding hydrogels for applications as a 3D stem-cell niche, we first synthesized an aqueous-soluble supramolecular precursor for crosslinking and ligand incorporation under physiological conditions. We synthesized conventional polyrotaxane by mixing α-cyclodextrins (αCDs) with linear polyethylene glycol (PEG) in aqueous solution to form the inclusion complex (Figure 1d-1) , followed by capping with β-cyclodextrins, which are larger than αCDs (Figure 1d-2) . Polyrotaxane is insoluble in neutral aqueous solutions due to the crystal structure of the densely packed αCDs on the PEG chain, [12, 13] making it difficult to fabricate hydrogels under physiological conditions. We therefore converted the αCDs of polyrotaxane into succinic-αCDs (Figure 1d-3) . The resulting succinic-polyrotaxane was soluble in aqueous buffer because the succinic incorporation loosened the packing in the crystal structure of αCDs and allowed ionization in water. Finally, we obtained the sliding hydrogel precursor by introducing vinyl sulfone groups onto the succinic-polyrotaxane to allow crosslinking and ligand incorporation (SCPR-VS, Figure 1d-4) . The synthesis and structure of the obtained sliding hydrogel precursor were all confirmed by 1 H NMR spectra ( Figure 1e) .
Next, we crosslinked the supramolecular precursor SCPR-VS with dithiol-functionalized PEG and incorporated the thiol-containing biochemical ligand Cys-Arg-Gly-Asp-Ser (CRGDS), which is a widely used peptide that promotes cell adhesion and various cell functions. [14] We used 4-arm PEG with vinyl sulfone groups and with thiol groups to crosslink a conventional chemical hydrogel as a control (Figure 1b ).
Stem cells have been used as promising recourses in cellbased therapies and tissue regeneration due to their capacity for self-renewal and for differentiation. To guide stem cells to differentiate into desired lineages, efforts have been dedicated to identifying optimal soluble factors and insoluble niche cues, including cell-cell interactions and cell-niche interactions. [1, 2] To harness niche properties in order to regulate stem-cell differentiation, particularly in 3D, various artificial cell niches have been developed and utilized. For example, hydrogels have been widely employed as artificial matrices to enhance stem cell-based therapy and to serve as artificial cell niches for mechanistic studies. [3] [4] [5] Hydrogels are usually categorized according to the crosslinking mechanisms used to construct them: as physical hydrogels or as chemical hydrogels. Physical hydrogels are crosslinked via physical interactions such as calcium ion bonding, which is used to crosslink alginate hydrogels. [4, 6] Unlike chemical bonds, physical interactions are usually dynamic and flexible, allowing physical hydrogels to easily respond to morphological changes and matrix reorganization by cells that exert traction forces in response to niche cues, which in turn promote stem cell differentiation. [6, 7] However, this flexibility also inherently decreases the stability of the hydrogel. On the other hand, chemical hydrogels, which are crosslinked by chemical covalent bonds, are much more stable, but at the cost of significantly reduced flexibility. [3, 5] As a result, cells are often restricted by the nanosized meshes of chemical hydrogel networks and cannot change their morphology or reorganize the matrix, which may inhibit stem cells from differentiating and from performing critical functions. To overcome these limitations of chemical hydrogels, degradation has been used to enlarge the mesh size, giving cells the freedom to function and differentiate. [5] However, the extent and timing of degradation can be variable depending on cell type and enzymatic activity, [8] and may simultaneously impact hydrogel diffusivity and loss of mechanical strength.
To address these challenges, here we report the development of a sliding hydrogel with mobile crosslinks and biochemical
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To assess the molecular mobility of the αCDs on the embedded PEG chains in our sliding hydrogel, we studied the static distribution and arrangement of αCDs using X-ray diffraction. We first examined the ability of αCDs to slide and change their distribution on the PEG chains. According to previous reports, the αCDs threaded on the PEG chains of αCDs are confined to the PEG chains but can slide and rotate, yielding crosslinks and ligands that are more mobile than those in conventional chemical hydrogels. However, the crosslinks attached to αCDs are stably confined in the hydrogel network, rendering sliding hydrogels more stable than physical hydrogels. b) Polymer precursor to be crosslinked into control chemical hydrogels. 4arm-PEG-VS, 4-arm PEG with vinyl sulfone groups; 4arm-PEG-thiol, 4-arm PEG with thiol groups; CRGDS, a small peptide that promotes cell adhesion and various cell functions. c) Polymer precursor to be crosslinked into sliding hydrogels. SCPR-VS, succinic-polyrotaxane with vinyl sulfone groups; PEG-dithiol, dithiol-functionalized PEG. d) Synthesis strategy for the sliding hydrogel precursor in (c). βCD, β-cyclodextrin; αCD, α-cyclodextrin; PR, polyrotaxane; SCαCD, succinic-α-cyclodextrin; SCPR, succinicpolyrotaxane; SCαCD-VS, succinic-α-cyclodextrin with vinyl sulfone groups; SCPR-VS, succinic-polyrotaxane with vinyl sulfone groups. e) 1 H NMR spectra of each step for synthesizing the sliding hydrogel precursor in (c); proton peaks on hydroxyl of 2-, 3-position on αCD (yellow box) shifted and broadened (green box) due to the inclusion of polyrotaxane; the peaks of protons on succinic ethylenes (purple box) indicates the successful succinic modification of α-cyclodextrins; peaks of protons on vinyl sulfone (from grey box to blue box) confirms successful incorporation of vinyl sulfone group.
polyrotaxane exhibit an oriented and densely packed channellike crystal structure that yielded strong X-ray diffraction at 19.8°, which was assigned a (210) reflection for the hexagonal lattice. [12, 15] Consistently, our supramolecular precursor (SCPR-VS) presented an X-ray diffraction pattern with a broadened peak ranging from 19.9° to 23.3°, which covered the representative diffraction of polyrotaxane and PEG (Figure 2a,b) . This pattern suggests that modified αCDs still pack closely in the sliding hydrogel, although not as neatly as free αCDs due to the spatial effect of the functional groups. When SCPR-VS was crosslinked with dithiol-functionalized PEG in phosphatebuffered saline to form a sliding hydrogel, only the diffraction of PEG was apparent (Figure 2c ), suggesting that ionization in aqueous buffer disrupts the packing structure of succinicαCDs, leading to their dispersal on the chains. However, when the sliding hydrogel was placed into an HCl solution (0.1 m) to deionize the succinic-αCDs, the diffraction of the channeltype crystal structure returned (Figure 2d ), indicating that decreasing the pH deionized the succinic-αCDs and induced their repacking. At the lower pH, the sliding hydrogel changed from clear to slightly opaque due to crystal formation (data not shown). Taken together, these observations of reversible changes in the distribution of αCDs on the PEG chains indicate that the αCDs can slide in the sliding hydrogel.
Since X-ray diffraction only yields a snapshot of the αCD distribution, we assessed the dynamic mobility of these units in real time using fluorescence correlation spectroscopy (FCS). We used tetramethylrhodamine (TRITC)-labeled CRGDS as a model ligand and incorporated it into free αCDs, chemical hydrogels, and sliding hydrogels. The real-time movement of the TRITC-labeled ligand in and out of the focal volume results in a fluctuation of the fluorescence intensity; higher mobility causes faster movement of the TRITC-labeled ligand and thus faster fluctuations in fluorescence intensity, which manifest as a faster decay of the autocorrelation in the FCS spectrum. Due to their free diffusion (Figure 2e ), free αCDs presented the fastest decay of autocorrelation (Figure 2h ). This diffusive mobility was also confirmed by fluorescence recovery after photobleaching ( Figure S2 , Supporting Information), where recovery happened within minutes. Neither the chemical hydrogel nor the sliding hydrogel, which both lack freedom of diffusion across the hydrogel, displayed recovery of fluorescence after photobleaching ( Figure S2 , Supporting Information), suggesting that covalent immobilization substantially enhanced the retention and stability of ligands in these hydrogels. In the chemical hydrogel, TRITC-labeled ligands were covalently immobilized and bonded to the hydrogel network, rendering them unable to diffuse or move (Figure 2f ). In contrast, although TRITC-labeled ligands were immobilized on αCDs that were confined to the network in sliding hydrogels, these ligands retained enough mobility to slide along the chain (Figure 2g ). This scenario was confirmed via FCS: the sliding hydrogel exhibited a faster decay of autocorrelation than the chemical hydrogel (Figure 2h ), indicating higher mobility (albeit less than that of free αCDs).
To assess the cellular response to molecular mobility of our sliding hydrogel, we studied the ability of human mesenchymal stem cells (hMSCs) to reorganize ligands and crosslinks in hydrogels in 3D. We have chosen hMSCs as a model cell type given their promise as an autologous cell source for tissue regeneration. Importantly, the sliding hydrogel developed here is crosslinked under physiological conditions, allowing the encapsulation of live cells in 3D. In this study, both chemical hydrogels and sliding hydrogels supported >95% cell survival after encapsulation and even after 14 d (Figure 3a-d) , indicating that both hydrogels are cell friendly. . e-g) Scheme of movement of tetramethylrhodamine-labeled ligands (red spheres) toward and away from the focal volume (red dotted region) of confocal microscopy when they are tethered on (e) free αCDs, (f) chemical hydrogel (CG), and (g) sliding hydrogel (SG). h) Normalized autocorrelation curve from fluorescence correlation spectroscopy showed the fastest decay of free αCDs (blue) due to their free diffusion. The sliding hydrogel (SG; green) exhibited a faster decay of autocorrelation than the chemical hydrogel (CG; orange), indicating higher mobility, but more stable than freely diffusive αCDs.
Next we assessed the ability of cells to reorganize ligands in the hydrogels via fluorescence resonance energy transfer (FRET). [16] For these analyses, we labeled the cell adhesion ligand CRGDS with fluorescein isothiocyanate (FITC; green fluorescence) and with TRITC (red fluorescence), which served as donor and acceptor fluorophores, respectively. In chemical hydrogels, due to the static immobilization of ligands on hydrogel network, the distance of these ligands was far greater than the Förster distance (R 0 ) (Figure 3e ), prohibiting energy transfer from FITC to TRITC and minimizing red fluorescence across the cell area (Figure 3g ). In contrast, in sliding hydrogels, due to the sliding mobility of the ligands along the PEG chains, the cells reorganized the ligands to be closer to each other (Figure 3f . f) Fluorescein isothiocyanate and tetramethylrhodamine-labeled ligands in sliding hydrogels cluster together by sliding along the hydrogel network, resulting in a distance less than R 0 . g-j) Assessment of the ability of cells to reorganize ligands in the hydrogels via fluorescence resonance energy transfer, by taking confocal microscopy images of tetramethylrhodamine emission from chemical hydrogels (g) or sliding hydrogels (i) with cells encapsulated excited with a 488-nm laser. Cells treated with blebbistatin to inhibit myosin contraction were used as controls in chemical hydrogels (h) and sliding hydrogels (j). FRET signals were only observed in sliding hydrogels, suggesting molecular ligand mobility in sliding hydrogels but not in chemical hydrogels. Blebbistatin treatment abolished the ability of cells to pull on mobile ligands, with no changes in FRET signals (h,j). k-n) Assessment of the ability of cells to change morphology in hydrogels, by taking confocal microscopy images of cells in chemical hydrogels (k,l) and sliding hydrogels (m,n) stained for F-actin (green) and the nucleus (blue). Higher-resolution images of cell morphology are shown in (l,n). o,p) Schematic illustrations of the difference in molecular ligand mobility on cell morphology in hydrogels by reorganizing ligands and crosslinks in 3D.
and acceptor fluorophores and transferring energy from FITC to TRITC, increasing the red fluorescence across the cell area (Figure 3i ). To further confirm the molecular mobility of sliding hydrogels, cells in chemical hydrogels (Figure 3h ) or sliding hydrogels ( Figure 3j ) were also treated with blebbistatin, a small molecule to inhibit myosin contraction, as additional controls. Our results showed blebbistatin treatment abolished the FRET signals observed in sliding hydrogels. These data indicate that hMSCs in sliding hydrogels sense the flexibility of the hydrogel and exploit this molecular mobility to carry out particular functions, as the clustering of adhesion ligands is usually associated with behavior such as the exertion of traction forces. [4] Since the exertion of traction forces is also associated with cell-morphology changes, [5, 17] we next evaluated these changes in hMSCs cultured in hydrogels. We predicted that the sliding crosslinks in sliding hydrogels would render the hydrogel network amenable to cell-induced forces and morphology changes. Note that unlike degradable hydrogels, sliding hydrogels do not undergo cleavage or breakdown of the network. We observed that at the micron scale and larger, hMSCs cultured in sliding hydrogels did not spread out (as is commonly seen in degradable hydrogels [5, 18] ), but instead displayed a spherical shape (Figure 3m ). At the nanoscale, hMSCs induced nanoscale cavities or channels, allowing them to form protrusions (Figure 3n) , likely due to their ability to exploit the molecular mobility of the sliding hydrogel to rearrange the ligands and crosslinks by sliding them along the network chains (Figure 3p ). In contrast, hMSCs cultured in chemical hydrogels lacked protrusions (Figure 3k,l) , consistent with a failure to reorganize the surrounding hydrogel network (Figure 3o) . Thus, molecular mobility is an important hydrogel characteristic that enables cells to reorganize ligands and crosslinks in order to change their morphology.
The morphologies displayed by hMSCs cultured in sliding hydrogels led us to expect the cells to undergo related downstream cellular functions, such as differentiation toward specific lineages. [5, 19] We therefore evaluated how hydrogel molecular mobility affected the differentiation of hMSCs toward three lineages: adipogenesis, chondrogenesis, and osteogenesis. These three lineages have been reported to favor differing levels of niche stiffness and degradation. [3, 5, 20] To isolate the effect of mobility from effects due to mechanical stiffness and degradation, we fabricated sliding hydrogels and chemical hydrogels with comparable mechanical stiffness, both are around 10 kPa which has been reported to favor MSCs differentiation toward muscle lineage (Figure 4a) , and minimum degradation, which was verified by stable swelling ratios over 30 d (Figure 4b ). To further characterize the mechanical properties of chemical hydrogels and sliding hydrogels, we performed additional rheological measurements for both hydrogels with and without cells. Storage and loss moduli of chemical hydrogels and sliding hydrogels are close ( Figure S3 , Supporting Information), and is within a range that has been reported to favor MSC differentiation toward tissues with intermediate stiffness such as muscle. To compare the diffusion of soluble factors in chemical hydrogels and sliding hydrogels, we performed fluorescence recovery after photobleaching (FRAP) measurements using FITC labeled bovine serine albumin (FITC-BSA) as a model molecule with molecular weight of 65 kDa, which is larger than most of the nutrients and growth factors. Our results confirmed that the diffusion of BSA in chemical hydrogels and sliding hydrogels is very comparable, with no significant difference ( Figure S4 , Supporting Information). Inclusion of cells did not significantly change the diffusion ( Figure S4, Supporting Information) . Thus, the differences of cell responses in chemical hydrogels and sliding hydrogels are not due to the differences in diffusion. Adipogenesis was previously reported to be favored by less spatial restriction [5] and rounded cell morphology. [19] We detected oil accumulation, a functional marker of adipogenesis, in hMSCs cultured in chemical hydrogels and in sliding hydrogels, with sliding hydrogels inducing more oil production than chemical hydrogels (Figure 4c and Figure S5 (Supporting Information)). Chondrogenesis requires fewer morphological changes of hMSCs, which usually retain a spherical morphology; [21] both chemical hydrogels and sliding hydrogels allowed chondrogenesis, as indicated by high glycosaminoglycan deposition (Figure 4c) . Note that the distribution of glycosaminoglycan was more even and interconnected in sliding hydrogels than in chemical hydrogels (Figure 4c ). This distribution may be beneficial for the regeneration and function of cartilage tissues. [22] Unlike adipogenesis and chondrogenesis, osteogenesis requires more cell-niche interactions, reorganization of ligands, and morphology changes. As expected, there was minimal expression of alkaline phosphatase, an osteogenic biomarker, in chemical hydrogels (Figure 4c ) due to the static and nanosize mesh of chemical hydrogels. In sliding hydrogels, however, hMSCs presented enhanced alkaline phosphatase expression (Figure 4c and Figure S5 (Supporting Information)), suggesting that the molecular mobility possible in sliding hydrogels facilitates traction forces and downstream osteogenesis in response to the soluble induction factors. We also performed quantitative analyses of differentiation marker staining of oil droplets or alkaline phosphatase (ALP) positive cells in chemical hydrogels (CG) versus sliding hydrogels (SG). Sliding hydrogels induced significantly higher level of differentiation than chemical hydrogels for both markers (**: p < 0.01) ( Figure S5 , Supporting Information). The observed trend was also consistent with gene expression by hMSCs ( Figure S6 , Supporting Information).
Taken together, our investigations demonstrate that without changes in matrix stiffness and degradation (Figure 4a,b) , sliding hydrogels facilitated the differentiation of hMSCs toward all three lineages in response to soluble induction factors (Figure 4c and Figure S6 (Supporting Information)). In contrast, nondegradable chemical hydrogels favored chondrogenesis more than adipogenesis and osteogenesis ( Figure 4 and Figure S6 (Supporting Information)). These data suggest that the molecular mobility of sliding hydrogels renders the hydrogel network dynamic and more adaptable, giving stem cells the freedom to respond to soluble factors and to adjust their behavior correspondingly. For example, with comparable stiffness of chemical and sliding hydrogels (Figure 4a,b) , expression of the gene encoding rho-associated coiled-coilcontaining protein kinase 1 (ROCK1), an important mechanosensing protein associated with cell differentiation, [2, 23] was threefold higher when hMSCs were cultured in sliding hydrogels in osteogenesis medium versus adipogenesis medium (#: p < 0.05) ( Figure S7 , Supporting Information); this difference was not evident with cells grown in chemical hydrogels ( Figure S7 , Supporting Information). Regardless of the type of induction medium, the expression of both ROCK1 and ras homolog gene A (RhoA) of hMSCs in sliding hydrogels are lower than those in chemical hydrogels ( Figure S7, Supporting Information) . This suggests that the sliding hydrogel constitutes a less restrictive and more permissive environment than chemical hydrogels, which may also enhance the stem-cell differentiation.
In conclusion, we have developed a sliding hydrogel for use as a niche for the culture and differentiation of stem cells in 3D. These sliding hydrogels endow ligands and crosslinks with molecular mobility, enhancing stem-cell differentiation toward multiple lineages. Here, we specifically confirmed the reversible distribution and the dynamic movement of αCDs tethered with ligands and crosslinks to the sliding hydrogel network (Figure 2 ). This mobility allows cells to reorganize ligands and to rearrange crosslinks to change the network structure of the hydrogel, which in turn allows them to change their morphology and to form protrusions ( Figure 3) . We detected an enhanced differentiation of stem cells toward adipogenesis, chondrogenesis, and osteogenesis in sliding versus chemical hydrogels (Figure 4c) , with comparable stiffness and degradation of the hydrogels (Figure 4a,b) . We therefore conclude that our sliding hydrogel constitutes a versatile material for supporting differentiating stem cells toward desired lineages for specific applications in stem cell therapy and tissue regeneration. These sliding hydrogels can also serve as a useful tool for elucidating the effects of the molecular mobility of niche cues on stem cell-fate regulation in 3D.
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